For specimens thicker than the inelastic mean free path (~300 nm at 300 kV), such as whole cells, STEM imaging has shown better performance than TEM because it lacks chromatic blurring caused by postspecimen imaging optics in the TEM. This advantage is particularly useful for electron tomography of both embedded [1] and cryo-preserved cells [2] . However, typical STEM detector geometries-either an annular detector collecting electrons scattered to high angles or an on-axis bright field detector collecting the forward-scattered beam-make use of only a small fraction of the incident electron dose.
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Here, we demonstrate the use of an electron microscope pixel array detector (EMPAD) for high-doseefficiency STEM imaging of fully hydrated, vitrified E. coli whole cells [3] . The detector's high dynamic range of 1,000,000:1 allows collection of the full convergent beam electron diffraction (CBED) pattern at each probe position with single-electron sensitivity. This has important consequences for low-dose imaging: the entire dose incident on the specimen is collected by the detector, resolved by both angle and position simultaneously, allowing flexibility in controlling the signal contributing to the final image as well as novel imaging modes.
STEM imaging with the EMPAD is illustrated in Figure 1 . Images were taken at 300 kV with the probe convergence angle set to 2 mrad to provide large depth of field for imaging cells approximately 500 -600 nm thick. The total dose on the specimen was 7.5 e -/Å 2 . The CBED pattern collected at one scan position is shown along with overlays of the geometries used to calculate the annular dark field (ADF) and bright field (BF) STEM signal for each of the 256x256 scan pixels. The conventional BF-STEM image uses only 6% of the incident dose. Cellular features are visible, but the SNR is low and the resolution is limited due to the large pixel size. Considerable improvements are obtained by forming a BF image using a greater number of pixels from the bright field disk. Each detector pixel acts as a separate BF detector forming its own image. Due to reciprocity, using pixels off the optical axis is equivalent to tilting the beam for TEM illumination which causes a shift in the resulting images [4] . To prevent blurring of the final BF image and allow for sub-pixel sampling, individual images from each detector pixel are aligned by crosscorrelation, resized, and summed. With this tilt-corrected BF-STEM (i.e. tcBF-STEM) technique, we collect 5 times more electrons than in the conventional BF detector geometry while retaining coherency.
The tcBF-STEM technique is compared to TEM and zero-loss EFTEM of the same specimen area with the same dose on the specimen (7.5 e -/Å 2 ) in Figure 2 . TEM images are defocused by -7.5 µm while the STEM image showing similar contrast was acquired with only -1 µm defocus. We clearly resolve the membrane bilayer in the STEM image (Figure 2, insets) , most likely due to the lower defocus used in this mode. In the thicker part of the cell, the TEM image shows low contrast due to inelastic scattering that results in phase incoherence and chromatic blurring. With these electrons filtered out, the EFTEM image retains contrast in the thicker region; however, SNR is significantly reduced due to loss of electrons from energy filtering. The tcBF-STEM image shows the most detail at the center of the cell, suggesting this technique will be well suited for tomographic imaging of thick specimens [5] . Comparison of STEM imaging using the EMPAD with conventional TEM and zero-loss EFTEM for the same sample area at the same dose (7.5 e -/Å 2 ). TEM shows low contrast in thick regions while the EFTEM image is dominated by the thickness gradient towards the center. tcBF-STEM shows distinguishable ribosomes even in thick regions of the cell. The membrane bilayer is clearly resolved in the STEM image. Comparing FFTs from thick regions of the cell for each imaging mode shows enhanced information transfer for STEM in this region. Scale bars: inset image 50 nm; FFT 0.1 nm -1 .
